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Longitudinal spin transport in diluted magnetic semicon-
ductor superlattices is investigated theoretically. The longitu-
dinal magnetoconductivity (MC) in such systems exhibits an
oscillating behavior as function of an external magnetic field.
In the weak magnetic field region the giant Zeeman splitting
plays a dominant role which leads to a large negative magne-
toconductivity. In the strong magnetic field region the MC
exhibits deep dips with increasing magnetic field. The os-
cillating behavior is attributed to the interplay between the
discrete Landau levels and the Fermi surface. The decrease of
the MC at low magnetic field is caused by the s− d exchange
interaction between the electron in the conduction band and
the magnetic ions.
75.50.Pp, 73.50.Jt, 75.30.Et
I. INTRODUCTION
The most striking phenomena in semiconductor quan-
tum structures is the tremendous change of the optical
and transport properties induced by the quantum con-
finement effect. Use of diluted magnetic semiconductors
(DMS) in such systems provides us with a new degree of
freedom to engineer the optical and transport properties
by applying an external magnetic field [1]. An exter-
nal magnetic field magnetizes the magnetic ions, which
gives rise to the exchange field acting on the electron
spin. This spin-dependent energy shift is comparable to
the band-offset in a DMS superlattice, therefore influ-
encing significantly the optical property of DMS. The
optical properties of the DMS systems have been studied
extensively in the past few years. Time-resolved pho-
toluminescence of a dilute magnetic semiconductor su-
perlattice has shown the feasibility of the spin-alignment
mechanism [2–4]. The strong s− d exchange interaction
between the electron spin in the conduction band and
the localized magnetic ions gives rise to unique magneto-
optical properties [5–7]. Giant Zeeman splitting, exci-
tonic magnetic polaron, Faraday rotation and optically
induced magnetization are well known examples. Recent
experiments demonstrated that spin polarized transport
in diluted magnetic semiconductors and spin coherence
can be maintained over large distances (≥ 100µm) and
for long times (10−9 − 10−8s) in metals and semicon-
ductors and showed that the spin of the electron offers
unique possibilities for quantum computation and infor-
mation transmission [8–11].
One of the fascinating effects of magnetic fields on the
electron transport properties in bulk materials is the well-
known Shubnikov-de Haas (SdH) effect, i.e., magnetocon-
ductivity (MC) or magnetoresistance (MR) of the system
is independent of the magnetic field strength at very low
magnetic field, and exhibits an oscillating dependence
with the magnetic field strength at higher magnetic fields.
[12] This phenomena arises from the interplay between
the quantized Landau levels and the Fermi energy. In
semiconductor superlattices the SdH effect displays a rich
diversity of prominent phenomena since the electron mo-
tion along the magnetic field is quite different from that
in bulk materials. The conductivity of a system is deter-
mined by the number of different states near the Fermi
energy, the group velocity associated with them, and the
coupling of these states to each other by scattering mech-
anisms. Polyanovskii [13] presented a theory to describe
longitudinal magnetotransport in semiconductor super-
lattices using the semiclassical approach. A single-band
tight-binding model was used to describe the superlattice
at very high and very low temperature. Datars and Sipe
[14] extended the theory to the multiple miniband case,
and found multiple miniband oscillations in the regime
where the second miniband is populated.
In this paper we focus on the effect of the giant
Zeeman splitting on the longitudinal magnetoconductiv-
ity in DMS superlattices and take as an example the
ZnSe/Zn0.96Mn0.04Se superlattices (see Fig. 1). In a
DMS system, the giant Zeeman splitting induced by the
s-d exchange interaction is comparable to the band offset,
and therefore can change significantly the energy spec-
trum of the minibands and the group velocity, which in-
fluences the magnetoconductivity. Here we extend the
treatment of the SdH effect from ordinary semiconduc-
tor superlattices to diluted magnetic semiconductor su-
perlattices. We find a spin-dependent conductivity when
an external magnetic field is applied along the growth di-
rection. The magnetoconductivity decreases significantly
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with increasing magnetic field at low magnetic fields, and
exhibits an oscillating behavior in strong magnetic fields.
A strong spin polarized current is found with increas-
ing magnetic field. The underlying physics arises from
the s-d exchange interaction between the intinerant elec-
tron and the localized magnetic impurity which lifts the
degeneracy of the spin-up and spin-down electron band
states. Here we neglect the effect of the spin-flip pro-
cess [15] and focus only on the effect of the giant Zee-
man splitting caused by the s-d exchange interaction on
the MC in a DMS superlattice for electrical transport
along the growth axis. The numerical results obtained
within this approximation were recently found to be in
excellent agreement with SdH measurement performed
on Cd1−xMnxTe/CdyMg1−yTe quantum wells (Fig. 4 in
Ref. [16]).
The paper is organized as follows, the theoretical
model is described in Sec. II, and the numerical results
and discussions are given in Sec. III. Finally, the conclu-
sion is presented in Sec. IV.
II. THEORETICAL MODEL
We model a DMS superlattice as a periodic array of
square potential wells and non magnetic barriers and
assume that the magnetic ions are distributed homoge-
neously in the DMS layers (see Fig. 1). In ordinary semi-
conductor superlattices, the Zeeman splitting is quite
small due to the small Lande´ g factor. In a DMS su-
perlattice, a small external magnetic field gives rise to a
giant Zeeman splitting of the conduction band states, and
results in striking differences between spin-up and spin-
down electron states of the system. This giant Zeeman
splitting arises from the spins of the injected electrons
interacting with the S = 5/2 spins of the localized 3d5
electrons of the Mn2+ ions via the s-d exchange inter-
action [5]. Our theory is based on the assumption that
the electron motion in the DMS superlattice can be well
described by the effective mass approximation (EMA)
which are confirmed by recent experiments [17,18,16]. As
shown in Fig. 1, the model Hamiltonian for electrons in
such a system is
H = p2x/2m
∗
e + (py + eBx)
2/2m∗e + p
2
z/2m
∗
e
+Vconf(z) + Js−d
∑
i
s(r)·S(Ri)δ(r −Ri). , (1)
where Vconf (z) = Vconf (z + L) is the periodic potential
along the growth direction, L is the period of the DMS
superlattice, and S is the spin of the localized 3d5 elec-
trons of the Mn ions with S = 5/2 and s is the electron
spin. We assume that the magnetic ions are distributed
homogeneously in the DMS layers. The extended nature
of the electronic wave function spanning a large number
of magnetic ions and lattice sites allows the use of the
molecular-field approximation to replace the magnetic-
ion spin operator Si with its thermal and spatial aver-
age < Sz >, taken over all the ions. The mean spin
< Sz > denotes the spatial as well as the thermal aver-
age of the spin component along the magnetic field. This
approach has been proven to be valid in previous theoret-
ical works on magneto-optical property of DMS material.
Very recently, this approximation was applied sucessfully
to study the transport property of DMS system. [16,19]
The exchange interaction given by Eq. (1) can, in the
molecular-field approximation, be written in terms of a
Zeeman-like Hamiltonian
H = p2x/2m
∗
e + (py + eBx)
2/2m∗e
+p2z/2m
∗
e + Vconf (z) + Js−d < Sz > sz , (2)
= p2x/2m
∗
e + (py + eBx)
2/2m∗e + p
2
z/2m
∗
e + Veff (z) ,
where Js−d = −N0αxeff
and < Sz >= 5/2BJ(SgµBB/kB(T + T0)), BJ (x) is the
Brillouin function, N0 is the number of cations per unit
volume, the phenomenological parameters xeff (reduced
effective concentration of Mn) and T0 accounts for the
reduced single-ion contribution due to the antiferromag-
netic Mn-Mn coupling, kB is the Boltzmann constant
and se is the electron spin. The parameters used in
the calculation are taken from Ref. [3]: m∗e = 0.16m0,
Vconf = −3meV in the DMS material, g = 2, gs = 1.1,
N0α = 0.27eV , T0 = 1.4K. In Eq. (2) the exchange
interaction Hs−d = Js−d < Sz > sz only induces spin-
conserving processes, and consequently we neglected all
spin-flip processes.
Using the usual boundary conditions [20] for the elec-
tron wavefunction at the well/barrier interface, the en-
ergy eigenvalue can be obtained by solving the following
equation
cos kzL = cos k
s
NLN cos k
s
DLD −
1
2
(
mDkN
mNkD
+
mNkD
mWkN
) , (3)
× sinksNLN sin k
s
DLD
where
ksN =
√
2mN (E − V sN )/h¯
2, ksD =
√
2mD(E − V sD)/h¯
2,
and V sD = Vconf ± 1/2N0αxeff < Sz > is the depth or
the height of the DMS layer which depends on the spin
orientation(s = ±, +for the spin-up electron, −for the
spin-down electron). The period of the superlattice is
L = LD +LN , where LD is the width of the DMS layers
and LN is the width of the nonmagnetic semiconductor
layers. mD and mN denote the effective mass of the
electron in the DMS layers and nonmagnetic semicon-
ductor layers, respectively. In this work the difference
between the effective mass of the electron in the DMS
layers and the non DMS layers is neglected which is a
reasonable assumption because of the low Mn concentra-
tion ( mN = mD = m
∗
e). Notice that the barrier height
and the well depth can be tuned by varying the external
magnetic field.
In the presence of a magnetic field, the in-plane motion
of the electron is described by discrete Landau levels on
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which any effect of the collision broadening is ignored.
Therefore, the eigenvalue of the electron state in a DMS
superlattice under a perpendicular magnetic field is
E(k˜) = (n+
1
2
)h¯ωc + E(kz) , (4)
where k˜ = (n, kz, s) is the complete set of quantum in-
dices, ωc = eB/m
∗
e is the cyclotron frequency, and n de-
notes the label for the Landau level. E(kz) is the energy
spectrum of the miniband in the DMS superlattice.
The group velocity of the electron along the z-direction
is
vs,z =
1
h¯
∂Es(n, k)
∂k
, s =↑, ↓ . (5)
The ballistic current density Js is the sum of the con-
tributions from each Landau level with different spin
J = −ne < vz >= −
eE
2pil2B
∑
s,n
∫ pi/L
−pi/L
dkz
2pi
vs,z(n, k)fs(n, k),
(6)
where 1/2pil2B is the degeneracy of the Landau level for
each spin, lB =
√
h¯/eB is the magnetic length, fs(n, k) is
the state distribution function which can be determined
from the semiclassical Boltzmann equation
∂fs
∂t
+ v · ∇fs +
∂k
∂t
· ∇kfs = (
∂f0
∂t
)c. (7)
If the distribution fs depends weakly on the position z
along the growth direction, and is independent of the
time, Eq. (7) becomes
− eE · ∇kfs = (
∂f0
∂t
)c. (8)
If we use the relaxation time approximation, the collision
term on the right side of Eq. (8) is equal to
(
∂f0
∂t
)c = −
f(k˜)− f0(k˜)
τ(k˜)
, (9)
where f0(E(k˜)) = 1/[exp((E(k˜) − EF )/kBT ) + 1] is the
Fermi-Dirac distribution, E is the electric field along the
growth direction and τ(k˜) denotes the electron relaxation
time in the DMS superlattice.
The Fermi energy can be determined from the follow-
ing equation
ne =
e2
4pi2l2B
∑
s,n
∫ pi/L
−pi/L
f(E(n, kz, s))dkz . (10)
where ne is the density of the electron in the DMS su-
perlattice.
We restrict ourselves to the linear-response regime, as-
sume weak electric field, and ignore spin-flipping pro-
cesses, therefore the distribution function can be written
in the form of f = f0+ f1 = f0− evτE∂f0/∂E , here f0 is
the equilibrium distribution function and f1 is the linear
term which is proportional to the electric field. Because
there is no electric current in the equilibrium Fermi-Dirac
distribution, the current density Eq. (6) becomes
J =
e2Eτ
4pi2l2B
∑
s,n
∫ pi/L
−pi/L
dkz(−
∂f0
∂E
)v2s,z . (11)
From this formula, we can find that the current density is
ascribes to the contribution of the Landau level near the
Fermi energy, and especially at low-temperature −∂f0∂E ≈
δ(E − EF ) for kBT ≪ EF . The conductivity σ can be
obtained as
σ =
e2τ
4pi2l2B
∑
s,n
∫ pi/L
−pi/L
dkz(−
∂f0
∂E
)v2s,z . (12)
The degree of spin polarization of the current density
under weak electric field can be defined as
P =
J↓ − J↑
J↓ + J↑
, (13)
here J↑(J↓) is the component of spin-up (spin-down) cur-
rent density.
III. NUMERICAL RESULTS AND DISCUSSIONS
Figures 2 (a) and 2 (b) show the energy spectrum of
the lowest two miniband spin-up (solid curves) and spin-
down (dashed curves) electron states (see Eq. (4), n = 0)
for a ZnSe/Zn0.96Mn0.04Se diluted magnetic semiconduc-
tor superlattice for different magnetic fields. From these
figures we notice that the separation between the spin-up
and spin-down electron is enhanced significantly with in-
creasing magnetic field. Notice that the Fermi energy is
located slightly above the bottom of the second miniband
at low magnetic fields (see Fig. 2 (a)). In strong mag-
netic fields, the energy of the lowest spin-up miniband is
even higher than that of the spin-down second miniband,
and only the lowest spin-down miniband is occupied by
electrons (see Fig. 2 (b)). This can be explained as fol-
lows, an external magnetic field induces a magnetization
of the magnetic ion Mn2+ along the direction of the mag-
netic field in the DMS superlattice. From Eq. (1), the
magnetic ions can influence the energy of the electron
state via the s-d exchange interaction, and leads to a gi-
ant spin splitting which is comparable to the band offset
between ZnSe and Zn0.96Mn0.04Se.
Figs. 2(c) and 2(d) depict how the bandwidths of the
electrons for different spin orientation vary with the mag-
netic field. For spin-down electrons the bandwidth de-
creases and saturates with increasing magnetic field, but
for spin-up electrons, it exhibits a maximum and sat-
urates when the magnetic field increases. For spin-up
electrons the wells become more and more shallow and
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finally form barriers with increasing magnetic field. At
this point the band widths diverge and the miniband gaps
disappear (see Fig. 2(c)). Therefore the band width for
the spin-up electron exhibits a local maximum. In Fig.
2(e) we plot the group velocity of the electrons with dif-
ferent spin orientation as a function of the momentum
kz for different magnetic fields. At low fields the group
velocity for the spin-up electron is larger than that in
the absense of magnetic field. The group velocity for
the spin-up and spin-down electrons decrease at strong
magnetic fields.
Figure 3 shows the Landau level fan diagram for spin-
down (thick curves) and spin-up (thin curves) electrons
in a DMS superlattice under a perpendicular magnetic
field. The solid (dashed) lines indicate the energy of the
Landau level at kz = 0 (kz = pi/Lz), i.e. the edge of the
lowest miniband. Notice that the magnetic field varia-
tion of the Landau levels in DMS is quite different from
that in a nonmagnetic semiconductor, which is linearly
proportional to the external magnetic field. In a DMS
superlattice the Landau levels exhibit minima with in-
creasing magnetic field, and its variation with magnetic
field is quite different from that of the Landau levels for
the spin-up electron. For very small magnetic fields the
s-d exchange interaction increases the barrier height for
the spin-up electrons moving the Landau levels up in en-
ergy, while for the spin-down electrons the wells deepen
resulting in a decrease of the Landau level energy. This
effect saturates around B ∼ 4T when the magnetiza-
tion of the Mn2+ is saturated beyond which we have the
usual Landau level fan diagram for each of the electron
spin states. The spin-up and spin-down fan are shifted
in energy due to the fact that they move in a different
superlattice potential. The thickest solid curve in Fig. 3
denotes the Fermi energy vs the magnetic field. Sharp
drops take place at the points where the Fermi energy
passes through the bottom of the different Landau level
bands. From this figure we also learn that the electron
state becomes spin-polarized since only the lowest spin-
down miniband is populated at sufficient large fields.
Figure 4 shows the conductivity σ as a function of mag-
netic field for various temperatures in a DMS superlat-
tice. The inset shows the Fermi energy vs magnetic field
in such a system. An interesting property of the MC is
the variation of the low-field MC. The conductivity de-
creases and oscillates with increasing magnetic field. At
low magnetic field, the spin splitting induced by the s-d
exchange interaction is even much larger than the sepa-
ration of the Landau levels, the s-d exchange interaction
results in a variation of the miniband width, i.e. a vari-
ation of the electron group velocity (see Eq. (5)). From
Fig. 1(c) we find that an increase of the magnetic field
leads to a decrease of the bandwidth for the spin-down
and the spin-up electron and a local maximum for the
spin-up electron, i.e. a decrease of the group velocity for
the spin-down and spin-up electron and a local maximum
for the spin-up electron (see Fig. 2(e)). Therefore, the
MC exhibits a maximum for the spin-up electron and a
decrease for the spin-down electron in the low-field case
(see Fig. 6). The decrease of the low-field MC was found
previously in disordered 2D system which was attributed
to quantum corrections caused by Anderson weak local-
ization [21]. But the decrease of MC in a DMS superlat-
tice arises from the s-d exchange interaction between the
intinerant electron and the localized magnetic impurity
which lifts the degeneracy of the spin-up and spin-down
electron band states.
The magnetization of the magnetic ions Mn2+ sat-
urates with increasing magnetic field, therefore the
strength of the exchange interaction (the last term in
Eq. (2)) also saturates when the magnetic field becomes
strong enough (B>4T). The separation of the Landau
levels increases linearly (see Fig. 3) with increasing mag-
netic field. The Fermi surface passes through the band
bottom of the subsequent Landau levels with increas-
ing magnetic field. The Fermi energy (see the inset)
decreases and shows a series of sharp drops at strong
magnetic field. The variation of MC in strong magnetic
field is ascribed to the contribution from Landau lev-
els near the Fermi energy. When a Landau level passes
through the Fermi surface, the electron group velocity of
the states which contribute to conduction drops to zero
(see Eq. (12)) resulting in an oscillation of the MC. The
conductivity exhibits a sharp dip if there is only one Lan-
dau level near the Fermi energy. The separation of the
Landau levels is small at low field and these dips are
smeared out since there are many Landau levels located
near the Fermi surface. From this figure, we can also see
that the dips will be less pronounced when temperature
increases since the latter leads to a smearing of the Fermi
surface.
Figure 5 depicts how the conductivity σ varies with
magnetic field for different carrier density. The period
of the conductivity oscillations for lower density is larger
than that for higher density, which can be understood
from the inset which shows the variation of the Fermi
energy versus magnetic field. When the Landau level
passes through the Fermi surface, a corresponding dip
can be found in the conductivity. Since the period of the
oscillation of the Fermi energy for lower density is also
larger than that for higher density, the period of the MC
oscillation for lower density will be larger than for higher
density.
In Fig. 6 we plot the spin polarization of the cur-
rent versus the magnetic field for different temperatures.
The inset shows the spin-up and spin-down components
of MC. The spin-up components exhibit a maximum for
small magnetic field and decreases rapidly to zero, since
the population for the spin-up band decreases when the
magnetic field increases. The maximum is due to a max-
imum in the bandwidth (see Fig. 2(c)). From this inset
we found that the oscillation in the MC is due to the
spin-down MC components. The spin polarization at
higher temperature increases more slowly than that at
low temperature due to the thermal fluctuations of the
magnetization of the magnetic ions.
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IV. CONCLUSIONS
We studied the electron transport in DMS superlat-
tices using a semiclassical Boltzman equation, and inves-
tigated the effect of the s-d exchange interaction which
is treated using the molecular-field approximation on the
longitudinal spin transport in diluted magnetic semicon-
ductor superlattices. The conductivity exhibits an oscil-
lating behavior with varying magnetic field. The con-
ductivity decreases rapidly for small magnetic field, and
increases for strong magnetic field. The dips in the con-
ductivity at strong magnetic fields are smeared out with
increasing temperature. The spin polarization increases
rapidly with increasing magnetic field and the longitudi-
nal MC becomes spin-polarized in strong magnetic fields.
Our results clearly illustrate that one can adjust the lon-
gitudinal spin transport by tuning the external magnetic
field in DMS superlattices.
Most optical and transport properties of the band elec-
trons in DMS were successfully interpreted within the
molecular-field approxiamtion. However, one should keep
in mind that this approach is only justified for pure para-
magnetic material where the every spin can be treated
independently. In paramagnetic DMS system the s-d ex-
change interaction induced spin splitting is relevant for
small barrier height, the spin-orbit interaction and band-
structure related spin-flip processes are not very efficient.
[15] Therefore in our calculation we ignored the effect of
the magnetization fluctuations which may be important
at low magnetic fields which is expected to increase the
overall resistance and decrease the spin polarization at
low fields. These magnetic fluctuations are supressed in
a strong magnetic field (B>1T). Nevertheless, the previ-
ous investigations show that the theoretical results based
on the molecular-field approximation give the correct po-
sitions for the maxima and minima of the MC in DMS
systems [16] in strong magnetic fields since the magne-
tization fluctuations are supressed, and therefore we be-
lieve that the qualitative behavior of our MC is correct
especially in strong magnetic fields (B>1T). In summary,
the external magnetic field is a tool to tailor the trans-
port properties of DMS superlattices. Such systems are
extremely attractive from the point of view of both basic
research and technological application, such as for a spin
filter.
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FIG. 1. Schematic illustration of a ZnSe/Zn0.96Mn0.04Se
DMS superlattice subjected to a perpenticular magnetic field.
The shaded regions denote the diluted magnetic semiconduc-
tor layers. Fig. 1 (a) shows the potential profile for an electron
in a DMS superlattice in the absence of a magnetic field, Figs.
1 (b) and (c) show the potential profiles for the spin-up and
spin-down electron in the presence of a magnetic field, re-
spectively. The probabilities for the spin-up and spin-down
electrons are plotted in the figure.
FIG. 2. The energy spectrum of the two lowest mini-
bands of electron states (n = 0) in a DMS superlattice for
different spin orientations under two different magnetic fields:
a) B=0T and b) B=4T. The width of the barrier (well) is
LD = 10nm (LN = 10nm), the lattice period L = LD + LN
and T = 1K. The solid curves denote the energy spectrum
for the spin-up electron, the dashed curves for the spin-down
electron, the dotted line is the Fermi energy, the thick solid
and dashed curve denote the derivative of the Fermi distri-
bution and the Fermi distribution, ∂f/∂E and f(E), near the
Fermi energy, respectively. The band width of the two low-
est spin-up (Fig. 2(c)) and spin-down (Fig. 2(d)) bands are
shown in Figs. 2(c) and 2(d) as function of the magnetic field.
The shaded regions in the figures denote the electron mini-
band in the DMS superlattice. Fig. 2(e) shows the group
velocity of the spin-up and spin-down electron lowest mini-
band as a function of the momentum kz for different magnetic
fields.
FIG. 3. The energy spectrum of the lowest miniband for
different Landau levels for spin-up and spin-down electrons
as a function of magnetic field. The thin solid lines represent
the energy of spin-up electrons at kz = 0, the thin dashed
lines for spin-up electrons at kz = pi/L. The very thick
solid and dashed lines show the energies for the spin-down
electron at kz = 0 and kz = pi/L. The thickest solid
curve shows the Fermi energy as a function of magnetic field.
LD = 10nm, LN = 10nm and the density of the electrons
ne = 2× 10
17/cm3.
FIG. 4. The conductivity σ/σ0 versus the magnetic
field for different temperatures, where σ0 = nee
2τ/m∗.
LD = 10nm, LN = 10nm and the density of the electrons
ne = 2 × 10
17/cm3. The inset shows the Fermi energy as a
function of magnetic field.
FIG. 5. The conductivity σ/σ0 versus the magnetic field
for different densities. LD = 10nm, LN = 10nm, T = 1K.
The inset shows the Fermi energy for two different densities.
FIG. 6. The spin polarization of the current in DMS su-
perlattice for different temperatures. The inset shows the
spin-up and spin-down MC components as a function of mag-
netic field. The arrows in the inset represent the spin-up
and spin-down MC components. LD = 10nm, LN = 10nm,
T = 1K.
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